Hearing loss and auditory prostheses can alter auditory processing by inducing large pitch mismatches and broad pitch fusion between the two ears. Similar to integration of incongruent inputs in other sensory modalities, the mismatched, fused pitches are often averaged across ears for simple stimuli. Here, we measured parallel effects on complex stimulus integration using a new technique based on vowel classification in five bilateral hearing aid users and eight bimodal cochlear implant users. Continua between five pairs of synthetic vowels were created by varying the first formant spectral peak while keeping the second formant constant. Comparison of binaural and monaural vowel classification functions for each vowel pair continuum enabled visualization of the following frequency-dependent integration trends: (1) similar monaural and binaural functions, (2) ear dominance, (3) binaural averaging, and (4) binaural interference. Hearing aid users showed all trends, while bimodal cochlear implant users showed mostly ear dominance or interference. Interaural pitch mismatches, frequency ranges of binaural pitch fusion, and the relative weightings of pitch averaging across ears were also measured using tone and/or electrode stimulation. The presence of both large interaural pitch mismatches and broad pitch fusion was not sufficient to predict vowel integration trends such as binaural averaging or interference. The way that pitch averaging was weighted between ears also appears to be important for determining binaural vowel integration trends. Abnormally broad spectral fusion and the associated phoneme fusion across mismatched ears may underlie binaural speech perception interference observed in hearing aid and cochlear implant users.
INTRODUCTION
Much progress has been made in the treatment of sensorineural hearing loss with hearing devices such as hearing aids (HAs) and cochlear implants (CIs). In particular, the new concept of bimodal CI stimulation, or combining acoustic and electric hearing from a HA and CI in opposite ears, has led to improved speech perception in noise over a CI alone for many individuals, especially for those with less severe losses (Kong et al. 2005; Dorman and Gifford 2010; Blamey et al. 2015) . However, there remains significant variability in the benefit of combining hearing devices bilaterally, with some patients showing little benefit or worse performance for speech recognition compared to either ear alone (Carter et al. 2001; Walden and Walden 2005; McArdle et al. 2012; Ching et al. 2007 ).
Differences in hearing status and device programming can contribute to this variability in binaural benefit. Another potential factor, which has been relatively unexplored in relation to patient outcomes, is a change in central auditory processing due to experience with hearing loss and hearing devices. Certainly, hearing loss can lead to diplacusis, the perception of different pitches between ears for the same frequency tone (Albers and Wilson 1968) , and has been shown to lead to cortical remapping of sound frequencies and intensities (Eggermont 2008; Cheung et al. 2009; Popescu and Polley 2010) . Cochlear implants also alter the normal mapping of speech to the auditory nerve, because the way they are programmed leads to mismatches between sound frequencies assigned to CI electrodes and the actual electrodes' cochlear place of stimulation. In the case of combined CI and HA use, spectral mismatches are also introduced between the CI stimulation in the implanted ear and acoustic hearing in the non-implanted ear.
While experience with such mismatches introduced by CIs can induce plastic pitch changes that reduce the mismatches over time (Reiss et al. 2007 (Reiss et al. , 2008 (Reiss et al. , 2011 , not all individuals adapt their pitch perception, and some CI users even Bmal-adapt^pitch so that mismatches increase over time (Reiss et al. 2014a ). Interestingly, many bimodal CI users also have abnormally broad binaural pitch fusion such that sounds that elicit different pitches in the two ears fuse over a broad range of frequency differences up to 3-4 octaves; this suggests an alternate mechanism for reducing the perception of interaural pitch mismatches (Reiss et al. 2014b ). This differs from normal-hearing listeners, who only fuse dichotically presented sounds with small pitch differences between the ears, with differences on the scale of 0.1 octaves, and segregate sounds farther apart in pitch (Odenthal 1963; Van den Brink et al. 1976 ). Hearing-impaired listeners without CIs can also have broad fusion ranges ranging from 1 to 3 octaves (Reiss et al. 2015; submitted) .
Further, this fusion can lead to averaging of the different pitches perceived in the two ears (Reiss et al. 2014b) , similar to what has been reported for normalhearing listeners on a much smaller scale (Van den Brink et al. 1976) , for the visual system for incongruent inputs to the two eyes (Hillis et al. 2002; Anstis and Rogers 2012) or for auditory-visual integration of spatially incongruent auditory and visual stimuli (e.g., Binda et al. 2007 ). It has been proposed that cues from multiple inputs within or across modalities are averaged to reduce overall signal uncertainty due to measurement noise and gaps in information from individual inputs (Hillis et al. 2002) ; generally, this would be true for matched information across inputs. In the hearing-impaired auditory system, however, the two ears are often mismatched in pitch, leading to incongruency of spectral information between ears. If incongruent spectral information is fused and averaged between ears, different percepts may arise under binaural compared to monaural stimulation. What are the effects of such abnormal binaural integration on perception of complex stimuli, such as speech sounds? Can abnormal binaural integration account for reduced speech perception benefit, or even interference, with two ears compared to one?
The spectral structure of vowels and how they are classified provide an opportunity to quantitatively measure binaural integration effects on complex spectral shape perception. Vowels are comprised of harmonically spaced components at multiples of the voice fundamental frequency (F0) with local peaks in the spectrum, called formants, determined by the shaping of the vocal tract; they are classified mainly based on the peak frequency locations of the first formant (F1) and second formant (F2) (Peterson and Barney 1952) . Thus, if the same formants are presented to each ear, but an interaural pitch mismatch is present, different formants will be perceived in each ear (essentially dichotic perception). If the incongruent formants are fused and integrated binaurally, a third set of formants may be perceived and distinct from the monaurally perceived formants.
Here, we present a new technique using a continuum of stimuli between two exemplar synthetic vowels to probe changes in complex spectral shape perception under binaural compared to monaural stimulation. Essentially, the continuum was created by varying F1 in small steps while keeping F2 and other parameters constant, as shown for an example vowel pair in Figure 1 , and subjects were asked to indicate which of the two exemplars they heard. Using this technique, binaural-monaural spectral shape perception effects on vowel classification were measured for five different vowel pairs (listed in Table 1 ) and compared with binaural pitch integration measured using simple stimuli in both bilateral HA users and bimodal CI users.
This study demonstrates the utility of a vowel continuum for measuring binaural interference and illustrates that binaural interference can occur at the phoneme level, especially in bimodal CI users with broad pitch fusion and large pitch mismatches across ears. The findings suggest that abnormal binaural spectral integration may explain some cases of binaural interference in hearing-impaired individuals.
METHODS

Subjects
These studies were conducted according to the guidelines for the protection of human subjects as set forth by the Institutional Review Board (IRB) of Oregon Health & Sciences University (OHSU), and the methods employed were approved by that IRB. Five bilateral HA users and seven bimodal CI users were tested. For natural and synthetic vowel tests, subjects were tested with their personal HAs and/or CIs unless otherwise specified below. For pitch matching and fusion tests, subjects were tested using headphones and/or direct electric stimulation.
Bilateral HA users ranged in age from 68 to 80 (mean 70.8 ± 7.2 years); three were male, and two were female. Audiometric thresholds were generally symmetric between ears for HA users, with mean lowfrequency thresholds of 72/82, 65/68, 62/63, 57/57, and 58/68 for left/right ears of HI04, HI05, HI06, HI07, and HI08, respectively (mean 65.2 ± 7.8 dB HL; averaged over 250, 500, and 1000 Hz). All HA users were tested with their own HAs. HI04, HI05, HI06, HI07, and HI08 used the Resound RITE, Oticon Alta, Phonak Naida, Phonak Certena, and Siemens Pure RITE HAs, respectively. All HAs were verified to meet target using real-ear measurements.
Bimodal CI users ranged in age from 31 to 82 (mean 62.0 ± 16.5 years); five were male, and two were female. Mean low-frequency thresholds in the nonimplanted ear were 65, 75, 58, 48, 70, 85 , and 82 dB HL for CI20, CI25, CI30, CI32, CI33, CI56, and CI85, respectively (mean 69.0 ± 13.0 dB HL; averaged over 250, 500, and 1000 Hz). All CI subjects had cochlear CI24RE internal devices and used a N5 or N6 cochlear implant speech processor with the ACE processing strategy, essentially an envelope-based, high-pulse rate, peak-or channel-picking strategy. Subjects CI20, CI25, and CI30 were tested with a lab Freedom processor; subjects CI32 and CI33 were tested with their personal N5 processors, and subjects CI56 and CI85 were tested with their personal N6 processors.
One of the CI subjects, CI20, did not regularly wear a HA in his non-implanted ear and was tested with a lab Oticon 380P. Another CI subject, CI30, did not regularly wear his Phonak Naida HA but brought it in for testing. The remaining subjects were tested with their own HAs; CI32 and CI33 used Phonak Naida HAs, while CI25, CI56, and CI85 used a Siemens DME ITE, Rexton, and Resound Enzo HAs, respectively. Note that both CI32 and CI33 had frequency shifting enabled for their Phonak Naida HAs above 1.5 kHz; the effects of frequency shifting on the synthetic vowel pair discrimination experiment are minimal because the first formant, the only cue provided for discriminating each pair, is below 1 kHz (Table 1) . Small effects may occur in the natural vowel discrimination experiment where the second formant is also varied, as the second formant can sometimes be above 1.5 kHz. All of these HAs were verified to meet target up to 1500-2000 Hz using real-ear measurements.
All subjects were screened for cognitive deficits using the mini-mental status exam, with a requirement of a minimum score of 25 out of 30 (MMSE; Folstein et al. 1975; Souza et al. 2007 ). All subjects had at least 1 year of experience with their current hearing devices, with the exception of CI85 who was an experienced bimodal CI user but had recently switched to a Resound Enzo HA with 3 weeks of Note the systematic transition of F1, the first peak in the spectrum (indicated by short vertical lines above peaks), away from this dashed line from top to bottom, i.e., from stimulus 1 to stimulus 8. In contrast, F2, the second peak in the spectrum, is constant for all stimuli.
experience. All subjects were native speakers of American English.
Experiment 1: Vowel Classification Under Binaural Versus Monaural Stimulation
General Stimulus Presentation. Stimuli were presented in the free field in a double-walled sound-treated booth (IAC). A computer sound card (ESI Juli), programmable attenuators (TDT), mixer, and amplifier (Crown D75A) was used to present the stimuli via loudspeaker (Infinity). The listener was positioned 1 m from and facing the loudspeaker, with levels measured to be between 60 and 65 dB SPL. Subjects were tested on each vowel pair in the binaural condition and in both monaural conditions. For binaural testing, subjects wore their hearing devices in both ears. For monaural testing of each ear, subjects wore their hearing device in the test ear, while the contralateral ear was plugged and muffed. In each run, subjects were tested on a single vowel pair and ear condition, with the order of vowel pairs and ear conditions randomized. Generation of Synthetic Vowel Stimuli. Five synthetic vowel sets were created corresponding to vowel pairs with similar F2 in the F1-F2 vowel space for American English vowels, such as /ae/ (Bhad^) versus /ε/ (Bhead^). Each set consisted of eight stimuli sampled from a continuum of F1 values between the exemplars of the two vowels, while generally holding F2 constant, as shown for one example vowel pair in Figure 1 . The F1 and F2 start/end values and step sizes are shown in Table 1 . The exception was /Λ/ (Bhut^) versus /υ/ (Bhook^), where F2 was co-varied with F1 to accommodate the larger F2 difference between exemplars.
Praat Vowel Editor (Praat version 5.2.10, www.praat.org) was used to create these synthetic vowel sets. The higher formants (F3-F4) were kept constant. The fundamental frequency (F0) and stimulus duration were fixed at 100 Hz and 250 ms, respectively. A low F0 was used to reduce harmonic spacing and more densely sample the formants in the frequency domain, reducing fluctuations in bandwidth and harmonic number along the continuum. Synthetic Vowel Response Measurement Procedure. Before testing, subjects were given a familiarization program so that they could play and listen to each vowel pair. Subjects were also provided with a printed reference sheet with example words for each exemplar vowel in the vowel pair (such as Bhid^and Bheed^for the /I/-/i/ pair). One subject, CI56, had poor visual acuity due to Usher's syndrome and was instead given verbal examples with the example words in a sentence.
Subjects were tested on vowel classification of these continuum stimuli in a two-alternative forced-choice task. During each run, all 8 continuum stimuli from one vowel pair were presented in random sequence with a total of 10 repeats per stimulus, for a total of 80 stimuli. At each trial, the subject was given only two choices on the touchscreen, representing the two exemplars of the vowels in the vowel pair, and asked to indicate on a touchscreen which vowel was heard. No feedback was provided during testing. Synthetic Vowel Response Analysis. Vowel classification functions were constructed from the averaged responses to each vowel pair and condition, with 0 assigned to higher F1 exemplar responses and 1 assigned to lower F1 exemplar responses, as shown for two example subjects in Figure 2 . Statistical significance of differences in synthetic vowel perception under the three ear conditions was evaluated using non-parametric bootstrap estimation of 95 % confidence intervals at the 25 %, 50 %, and 75 % points on the function (Efron and Tibshirani 1993; Wichmann and Hill 2001) . Binaural vowel trend categories were defined based on the bootstrap estimated differences as follows (and shown for individual examples of each category in Fig. 3 ): No effect = no significant differences between listening conditions (similar monaural and binaural functions), quantified as the lack of significant differences between any of the functions; Dominance = similarity of the binaural function to one ear's monaural function, quantified as the lack of significant differ- The first seven columns list the five vowel pairs and the start, end, and step size values in hertz for F1 and F2 in the continuum of synthetic vowels between the first and second vowel in the pair. The last two columns show example words for the vowels at the beginning and end of each continuum. F0 = 100 Hz and duration = 250 ms for all stimuli ences between the binaural function and one monaural function (interpreted as the dominant ear) combined with the presence of significant differences between the binaural function and the other monaural function (interpreted as the non-dominant ear); Averaging = significant differences between the binaural function and both monaural functions, plus the binaural function was intermediate between the two monaural functions on the stimulus axis; Interference = significant differences between the binaural function and both monaural functions, plus the binaural function was outside the range of the two functions with a shallower slope and/or larger bias than either monaural condition, indicative of worsened discrimination performance. Quantitatively, classification was based on the bootstrap ranges of error as shown by the horizontal lines for the 25 %, 50 %, and 75 % points in Figure 2 for at least two of the three points. If the bootstrap lines overlapped for at least two of the three points for any pair of functions, they were considered similar. If the bootstrap lines did not overlap for at least two points, the functions were considered different. Generally, the classifications were unambiguous, especially for the HA users. Ambiguous classifications such as transitions between dominance by one ear to the other are indicated in Tables 2 and 3 .
Natural Vowel Response Measurement Procedure and
Analysis. The CI subjects were also tested on natural vowel identification of 9 recorded vowel sounds in a /h/-vowel-/d/ context, with each vowel spoken by 10 male and 10 female talkers (Hillebrand et al. 1995) , for a total of 180 vowel sounds.
Before testing, subjects were given a familiarization program so that they could play and listen to five different male speaker exemplars of each vowel. Once familiarized, subjects were tested on vowel classification in a nine-alternative, forced-choice task. During each run, all 180 stimuli were presented in random sequence. At each trial, subjects were asked to indicate on a touchscreen which vowel was heard. No feedback was provided during testing.
Confusion matrices were generated for each condition by adding up the number of times a specific vowel was perceived for each vowel presented, with responses on the diagonal indicating correct responses where the vowel perceived matched the vowel presented and responses off the diagonal indicating incorrect responses.
Experiment 2: Interaural Pitch, Fusion Range, and Fusion Pitch Measurements Stimuli. All stimuli were presented via computer to control electric and acoustic stimulus presentation. Electric stimuli were delivered directly to the CI instead of through the CI processor microphone, and acoustic stimuli were delivered via headphones instead of through HAs. For bimodal CI users, electric stimuli were delivered to the CI using NIC2 cochlear implant research software and hardware (Cochlear). Stimulation of each electrode followed the same protocol used in previous studies in the laboratory (Reiss et al. 2014a, b) , such that each stimulus consisted of a pulse train of 25 μs biphasic pulses presented at 1200 pps with a total duration of 500 ms, with electrode ground set to monopolar stimulation. For both bilateral HA and bimodal CI users, acoustic stimuli were delivered using an ESI Juli sound card, TDT PA5 digital attenuator and HB7 headphone buffer, and Sennheiser HD-25 headphones.
Electric stimuli and acoustic tones were set to Bmedium loud and comfortable^levels corresponding to 6 or Bmost comfortable^on a visual loudness scale from 0 (no sound) to 10 (too loud). Loudness was balanced sequentially across all tone frequencies and/ or electrodes both within and across ears. Tone frequencies that could not be presented loud enough to be considered a medium loud and comfortable level, due to the limited frequency range of residual hearing in hearing-impaired ears, were excluded. In addition, for bilateral HA users, tone frequencies were screened to be above the subject's binaural beat range, which will vary with hearing loss and interaural phase difference (IPD) sensitivity; the lower limit of the binaural beat frequency range was determined using a rapid, adaptive IPD test (Grose and Mamo 2010). Interaural Pitch Matching. A two-interval, two-alternative forced-choice constant-stimulus procedure was used to obtain pitch matches. One interval contained the reference stimulus (an electric pulse train to a single electrode for a CI user or an acoustic tone for a HA user), and the other interval contained a comparison acoustic tone delivered to the contralateral ear. All stimuli were 500 ms in duration and separated by a 500-ms interstimulus interval, with interval order randomized. The reference stimulus was held constant, while the comparison tone frequency was varied in one-fourth octave steps within the residual hearing range between 125 and 4000 Hz and presented in pseudorandom sequence across trials to reduce context effects (Reiss et al. 2012) . In each trial, the subject was asked to indicate which interval had the higher pitch. At least six repeats of each frequency was presented. Pitch matches were computed as the 50 % point on the psychometric function generated from the average of the responses at each acoustic tone frequency. Fusion Range Measurement. A five-alternative forcedchoice task was used to measure the frequency ranges over which dichotic pitches were fused (Reiss et al. 2014b ). In each trial, the comparison stimulus was presented simultaneously with the reference stimulus for 1500 ms. Subjects were instructed to first determine whether they heard one or two sounds. If they heard only one and the same sound in both ears, they were instructed to choose BSame.^If the subject could hear a different sound in each ear, then the subject was instructed to choose which ear had the higher pitch. Generally, the subject was only able to determine which ear was higher in pitch if the stimuli to the two ears were not fused, and one ear could be identified as having the higher pitch and the other ear as having the lower pitch.
As in the pitch matching procedure, a reference stimulus was held constant, while comparison stimuli were varied across trials in pseudorandom sequence. Fusion ranges were calculated as the comparison tone frequency range over which one sound was heard more than 50 % of the time. Fusion Pitch Matching. A two-interval, two-alternative task was used to measure the pitch of a fused electrode-tone pair for bimodal CI users only (Reiss et al. 2014b) . This procedure was similar to that for interaural pitch matches, except that the reference electrode was presented simultaneously with a tone within the fusion range in the contralateral, non-implanted ear, and this fused electrode-tone pair compared with another sequentially played tone in the non-implanted ear. All stimuli were 500 ms in duration and separated by a 500-ms interstimulus interval, with interval order randomized. Subjects were asked to indicate whether the fused electrode-tone pair or the comparison tone was higher in pitch. The comparison tone frequencies were varied in a pseudorandom sequence, and the fusion pitch match was calculated as in the pitch matching procedure.
RESULTS
Experiment 1: Vowel Classification Under Binaural Versus Monaural Stimulation
Frequency-Specific Trends in Vowel Classification
Functions. Example vowel classification functions generated from the responses to the five synthetic vowel pairs are shown for two subjects in Figure 2 . The first column shows results for a bilateral HA user, and the second column shows results for a bimodal CI user. Each row represents a different vowel pair. Each vowel classification function shows the percent of the time the subject chose the second vowel in the pair as a function of stimulus position in the F1 continuum from the first vowel (stimulus 1) to the second vowel (stimulus 8). Vowel classification functions were generally sigmoidal. For example, for the vowel pair /α/ (BAH^or Bhot^) transitioning to /Λ/ (BUH^or Bhut^) in Figure 2A1 , the percent of responses as /Λ/ (UH) increased from stimulus 1 at left to stimulus 8 at right as the stimulus became gradually less like /α/ (AH) and more like /Λ/ (UH). All vowel pairs were ordered from high to low F1, so that the functions indicate the percent of the time the second, lower F1 vowel was heard. Note that a deviation of this curve from the middle indicates a classification bias, whereas a decreased slope indicates poorer vowel spectral shape discrimination.
For the bilateral HA user shown in Figure 2A , each panel shows vowel classification functions collected with the left ear (blue dashed lines, squares), right ear (red dash-dot lines, triangles), and both ears (black solid lines, circles). For the /α/-/Λ/ (AH to UH) vowel pair, the left ear function was approximately centered on the continuum with a 50 % point at stimulus 4.2 (Fig. 2A1 , blue dashed line/squares). In contrast, the right ear function exhibited a rightward shift to a 50 % point of 6.1 on the stimulus axis, indicating a bias toward the first vowel or higher F1 (Fig. 2A1, red Other vowel pairs showed different trends within the same subject, indicating that binaural integration type depends on the specific frequency region of F1 transition. The binaural function for the vowel pair /ae/-/ε/ (BAE^to BEH^) showed dominance by the left ear (Fig. 2A2) , while the function for the vowel pair /ε/-/I/ (EH to BIH^) showed a transition in dominance from the left to the right ear (Fig. 2A3) . The binaural function for the vowel pair /I/-/i/ (BIH^to IY) also showed averaging (Fig. 2A4) . Finally, the vowel function for the last vowel pair /Λ/-/υ/ (UH to BOO^) showed no effects of listening condition such that binaural and monaural functions were all similar (Fig. 2A5) .
For the bimodal CI user in Figure 2B , a different type of binaural integration was observed. Here, each panel shows vowel classification functions collected with the CI (blue dashed lines, squares), HA (red dash-dot lines, triangles), and CI and HA together (black solid lines, circles). None of the binaural functions in these cases showed simple dominance or averaging; instead, the functions showed rather complex integration of the monaural responses. For example, for the /α/-/Λ/ (AH to UH) pair (Fig. 2B1) , the binaural function was severely flattened compared to either monaural function alone, indicating greater difficulty in discriminating vowel pair based on F1 information, i.e., interference with the CI and HA together compared to either device alone (Fig. 2B1) . For the remaining four vowel pairs, a rightward shift of the curve was seen for the binaural function compared to those for the CI alone or the HA alone ( Fig. 2B2-B5 ). Four Main Patterns of Binaural Vowel Integration. Figure 3 shows exemplars of the four types of binaural integration observed in bilateral HA and bimodal CI users. As a reference, a normal-hearing listener's vowel classification function for the /α/-/Λ/ (AH to UH) pair not only showed the expected S-shaped functions centered on the stimulus F1 range but also had no effects of listening condition (Fig. 3A) .
Several instances of single ear dominance were observed, as seen for CI subject CI25's vowel classification function for the /ε/-/I/ (EH to IH) pair in Figure 3B . In this case, the binaural function was dominated by the CI ear which had a steeper, nonbiased function compared to the HA ear. Dominance was also found to occur for the HA ear in other bimodal CI subjects (Table 2) .
Binaural averaging was observed more often in HA users, as for HA subject HI08 in Figure 3C . Note that in this example, discrimination of the /Λ/-/υ/ (UH to OO) pair was very poor with the left HA ear, while discrimination was near normal with the right HA ear, such that averaging of the two led to performance intermediate between the two monaural conditions. Finally, binaural interference was sometimes observed as for CI subject CI25 shown in Figure 3D , where the function slope for the /I/-/i/ (IH to IY) pair decreased severely under the binaural condition compared to either monaural condition, similar to the effect shown in Figure 2B1 for CI30. In this example, two repeat runs were collected for each condition, showing the repeatability of these trends.
Trends for all subjects and vowel pairs tested are summarized in Table 2 and Figure 4 . The majority of cases in bilateral HA users showed no effects of binaural stimulation, while other cases showed dominance, averaging, or interference, in descending order of frequency of occurrence (Fig. 4A) . In contrast, for bimodal CI users, no effects, dominance, and interference were seen most often, while very few instances of averaging were observed (Fig. 4B) . Interference occurred for the /I/-/i/ (IH to IY) pair in all four bimodal 
TABLE 2
Binaural response types by subject and vowel
The first column lists the subject, and columns 2-6 list the five vowel pairs. Notations are as follows: B0^= all curves were similar, i.e., showed no effect of listening condition; BDom^= dominance by one ear (indicated as R or L for bilateral HA users, or HA or CI ear for bimodal CI users); BAvg^= averaging between the ears; BIntf^= interference between the ears; B-^= no data obtained; and BCNT^= could not test because the subject could not discriminate the vowel pair. B*^indicates a shift in dominance from one ear to the other, rather than true averaging or dominance by a single ear; this data point is not included in the summary data in Figure 4 . BDom**^indicates dominance switched between HA and CI ear across multiple trials. B*Fac^indicates transition from dominance by HA to dominance by CI, which results in a net facilitation in slope (improved performance) CI users that experienced interference, and it should be noted that these included the two subjects that did not regularly wear their HA with the CI.
Comparisons to Trends Observed with Natural Vowels.
When scores from testing with the CI and HA together were compared with scores with either device alone, all vowel pairs for which binaural interference was observed with synthetic vowel pairs elicited similar interference patterns with the natural vowel stimuli. For example, CI20 and CI25 had more natural vowel confusions for /I/-/i/ (IH to IY; Supplementary Figs. S1 and S2), and CI30 had more natural vowel confusions for both /α/-/Λ/ (AH to UH) and /Λ/-/υ/ (UH to OO) than the best ear alone (UH to OO; Supplementary Fig. S3 ). Another subject, CI33, exhibited detrimental averaging between the ears with the synthetic vowel pair /ae/-/ε/ (AE to EH) and also exhibited increased confusions between this pair (a bias toward EH) with natural vowels under bimodal stimulation (Supplementary Figs. S4 and S5A) . CI33 also had additional confusions for another pair of vowels not tested in a synthetic vowel continuum, /Λ/ and /ε/ (UH and EH), which varied mainly in F2 instead of F1, suggesting that interference also occurred for discrimination of the second formant, possibly due to the frequency shifting of that subject's hearing aid above 1.5 kHz.
Ear dominance was also well predicted by the synthetic vowel classification functions. Subjects with ear dominance typically did best with bimodal stimulation, such that performance followed the better ear for each vowel in natural vowel stimulation.
Experiment 2: Relationship of Fusion Range and Fusion Pitch Averaging Weights to Vowel Trend
Bilateral HA Users. Only a subset of bilateral HA users could be tested on binaural tone integration at frequencies low enough to be compared with vowel F1 variations, due to binaural beats often occurring below 1000 Hz. To assess binaural tone integration, pitch matches were conducted to measure the degree of pitch mismatch between ears, and fusion ranges were measured by finding the frequency range of tones in one ear that would fuse with a reference tone in the other ear. HI04, HI07, and HI08 were tested with reference tones at 420 and 707 Hz, which fall in the F1 frequency ranges of vowel pairs /ε/-/I/ (388-521 Hz) and /α/-/Λ/ (625-800 Hz), respectively. The reference ears were left, left, and right, respectively. The results are shown in Table 3 .
Four of the five HA users showed significant differences or asymmetry in their left and right vowel classification functions. For the three subjects tested on tone integration, differences in the 50 % points fitted to the right and left vowel classification functions are plotted versus interaural pitch mismatches, both relative to the left ear, in Figure 5A . The direction of the mismatch often predicted the direction and degree of the asymmetry in monaural vowel classification functions (circles in Fig. 5A ) with the exception of one data point associated with binaural interference (+ symbol in Fig. 5A ). With that very different subject's data point included, there was no significant correlation (dashed line in Fig. 5A) ; if that data point from the one subject with binaural interference was excluded, the correlation was very tight and became highly significant (solid line in Fig. 5A ; R = 0.93, p = 0.02, two-tailed Pearson correlation test). In other words, for most cases, if one ear had a higher perceived pitch than the other ear for the same frequency tone, the vowel F1 frequency was also likely to be perceived as higher and reflected as a rightward shift in the vowel classification function for the higher pitch ear relative to the function for the lower pitch ear.
Fusion ranges varied with subject and tone frequency, ranging from 0.2 to 2.8 octaves. For HA users, ear dominance occurred for cases with narrower fusion ranges, while averaging and interference occurred with larger fusion ranges (Table 3) . For this small sample, smaller pitch mismatches were associated more frequently with averaging compared to interference. Bimodal CI Users. Binaural tone-electrode integration was also measured for the seven bimodal CI users. CI20 had a broad fusion range for the lowest frequency electrode where interference was observed for the corresponding /I/-/i/ vowel pair, while conversely, a small fusion range was observed for the higher frequency electrode where dominance was observed for the corresponding /Λ/-/υ/ vowel pair (Table 3) . In this case, broad fusion would seem to correspond to cases of interference, whereas narrow fusion would seem to correspond to dominance.
However, the width of fusion alone was not sufficient to explain all vowel integration trends in CI users. CI25, CI32, CI33, and CI56 exhibited broad fusion for all electrodes but still showed a range of trends depending on the specific electrode and vowel pair (Table 3) . Instead, direct measures of the electrode-tone fusion pitch, i.e., how the pitches are averaged between the ears as shown for a few examples in Figure 6 , served as better predictors of vowel integration trends for these individuals. For instance, CI25 experienced averaging of fused electrode-tone pitches, but averaging was weighted more toward the CI ear (compare black circles to blue squares in Fig. 6A ), consistent with that subject's CI ear dominance with two vowel pairs ( Fig. 3B; Table 2 ). However, this does not explain the striking binaural interference effect with the lowest F1 /I/-/i/ vowel pair (Fig. 3D) ; this may be explained more by an integration of the weighted averaging across frequen-cy. CI32, on the other hand, showed complete dominance of the fused electrode-tone pitch by acoustic tones (compare black circles to red triangles in Fig. 6B ), consistent with the HA dominance observed in that subject's vowel classification functions for the /α/-/Λ/ and /Λ/-/υ/ vowel pairs (Table 2) .
CI30 had small interaural pitch mismatches and a moderate fusion range, with an upward offset in the fusion range for electrodes 22 and 21 (Table 3) . Fusion pitch measures indicated a non-linear averaging effect in which the electrode-tone fusion pitch was shifted above the higher frequency monaural pitch for electrode 22 (black circles above both blue squares and red triangles, left part of Fig. 6C ), consistent with an increased bias toward the higher F1 exemplar in that subject's binaural vowel classification function for the /I/-/i/ vowel pair (Fig. 2B4) . In contrast, electrode 19 for this subject showed no such non-linear averaging effect (right part of Fig. 6C) , consistent with the lack of increased bias observed binaurally for the corresponding /ae/-/ε/ vowel pair (Fig. 2B2) .
Generally, dominance by one modality across all tone pair frequencies showed a straightforward correspondence to ear dominance by that modality, whereas averaging or mixtures of weighting trends were less easily linked to vowel perception trends. For instance, CI33 and CI56 both had transitions in weighting as the acoustic tone frequency increased. For CI33, the weighting trend shifted from dominance by the acoustic tone toward non-linear Fig. 6D) ; as for CI25, integration of these weightings over frequency may better explain why averaging was observed instead of a transition for the corresponding /ae/-/ε/ vowel pair ( Supplementary  Fig. S5A ). For CI56, the weighting trend shifted from dominance by the acoustic tone toward averaging of the acoustic and electric pitches for electrode 22 (Fig. 6E) , which does not directly correspond to the transition from HA dominance to CI dominance (instead of averaging) in the corresponding /I/-/i/ vowel pair ( Supplementary Fig. S5B ). No significant correlation was seen between acoustic-electric pitch mismatches and the direction and degree of the asymmetry in monaural vowel classification functions ( Fig. 5B ; R = 0.19, p = 0.32, Pearson correlation test). No significant differences in pitch mismatches or pitch fusion ranges were associated with the four different vowel integration trends (p 9 0.1 for all comparisons, two-tailed Wilcoxon rank-sum test).
DISCUSSION
This study provides the first quantitative evidence of abnormal spectral shape integration across ears in individuals with hearing loss, through the use of a new technique based on synthetic vowel classification along a continuum. The results add to the growing body of evidence that BNo effectî ndicates that differences between the two monaural conditions and the binaural condition were all small, as in Figure 3A . BDominanceî ndicates that the binaural condition was dominated by one ear, typically the better ear, as in Figure 3B . BAveraging^indicates that the binaural condition was significantly different from both monaural conditions and that responses occurred between those for the two monaural conditions, as in Figure 3C . BInterference^indicates that the binaural condition was significantly different from both monaural conditions and in addition elicited worse discrimination ability with a shallower slope and/or larger bias than either monaural condition, as in Figure 3D . classification asymmetries for HA and CI users. A For HA users, differences in the 50 % points fitted to the right and left vowel classification functions are plotted versus interaural pitch mismatches, both relative to the left ear. When all data points were included, there was no significant correlation; if the one data point indicated by a Bplus sign^was excluded, the correlation was highly significant. In other words, if one ear had a higher perceived pitch than the other ear for the same frequency tone, the vowel F1 frequency was also likely to be perceived as higher, which was reflected as a rightward shift in the vowel classification function for the higher pitch ear relative to the lower pitch ear. B For bimodal CI users, differences in the 50 % points fitted to the HA-only and CI-only vowel classification functions are plotted versus differences in electrode pitch and the frequencies allocated to that electrode (frequencies heard acoustically in the HA ear at the same time as the electrode is stimulated), for the acoustic/HA ear relative to the electric/CI ear. No significant correlation was observed for this group.
binaural spectral integration differs in individuals with hearing loss and/or hearing devices such as HAs or CIs (Reiss et al. 2014b ). In addition, although binaural speech perception interference in HA users was first reported more than half a century ago (Jerger et al. 1961) , the cause of this interference has remained a puzzle up to now. This is the first study to investigate a potential underlying cause of interference, i.e., abnormally broad binaural spectral integration.
New Speech-Based Measure of Binaural Spectral Integration
The systematic variation of F1 within a single vowel pair provides a frequency-specific measure of how binaural integration affects complex spectral shape perception. The vowel classification functions constructed from responses to the synthetic vowel continua indicate the degree of both classification bias (the horizontal shift of the function along the stimulus or F1 frequency axis) and uncertainty (the overall slope of the function). The findings here demonstrate that binaural spectral integration can increase uncertainty as well as induce bias in vowel classification in hearingimpaired listeners. Bias and uncertainty have been quantified monaurally in CI users using other methods based on natural speech such as multidimensional phoneme integration (MPI) bimodal CI users. A Fusion pitch averaging for two electrodes paired with various contralateral acoustic tones in subject CI25. Different electrodes are separated by a vertical black line. Fusion electrode-tone pitches (circles) lay between the electrode pitches (squares) and tone frequencies (triangles) but were weighted more toward the electrode pitch. B Fusion pitch dominance by the acoustic ear for two electrodes for subject CI32. Fusion electrode-tone pitches (circles) were dominated by and overlapped with the tone frequencies (triangles). C For CI30, non-linear fusion pitch integration was observed for electrode 22 paired with two frequencies, in which the fused pitch was higher than either monaural pitch. Electrode 19 exhibited either pitch averaging when paired with low-frequency acoustic tones or small differences when paired with higher frequency tones close to the electrode pitch match. D For CI33, a transition was observed from fusion pitch dominance by the acoustic ear to non-linear fusion pitch integration with increasing tone pair frequency for both electrodes 18 and 19. E For CI56, a transition was observed from fusion pitch dominance by either the acoustic ear or the electrode pitch to averaging of the two with increasing tone pair frequency for both electrodes 22 and 19. Results from A and B are replotted from data previously shown in Figure 6 of Reiss et al. 2014b .
Braida 2011). This new approach has advantages over previous approaches in that frequency-specific modeling can be used to predict confusion patterns without requiring large amounts of data. Further, dominance and interference effects observed with synthetic vowels were often replicated with natural vowels, despite the addition of multiple talkers and other vowel identity cues including higher formants, formant transitions, and duration, indicating generalizability to real-world speech perception.
